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Abstract
Recent theoretical work determines the correct coupling constant of a scalar
field to the Ricci curvature of spacetime in general relativity. The periodicity
in the redshift distribution of galaxies observed by Broadhurst et al., if genuine,
determines the coupling constant in the proposed scalar field models. As a result,
these observations contain important information on the problem whether general
relativity is the correct theory of gravity in the region of the universe at redshifts
z < 0.5.
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The deep pencil–beam survey of the redshift distribution of galaxies at the Galactic
poles by Broadhurst, Ellis, Koo and Szalay [1]–[3] has detected an apparent periodicity
in the galaxy distribution with a period 128 h−1 Mpc (here H0 = 100 h km s
−1Mpc−1 is
the present value of the Hubble parameter). The galaxy sample and the statistics used in
[1] has been re–analyzed [4]–[6] and the result in [1] has been criticized. Additional data
collected in the same directions confirmed the original results, supporting the idea that
the peaks in the redshift distribution of galaxies are true features and not an artifact
of inappropriate statistics [3]. Most of the peaks in the galaxy redshift distribution
reported in [1] have been recognized and confirmed in [7]. The redshift survey at the
Keck Telescope discussed in [8] also found evidence for strong clustering of galaxies in
redshift space, although the redshift periodicity was not confirmed. If the periodicity in
the redshifts of galaxies is real, one expects a similar phenomenon to occur also for the
redshifts of Ly α absorption lines and for Mg II quasar absorption systems; evidence for
periodicity in the redshift distribution of the Lyman–α forest was found in [9] but not in
later observations [10, 11], and it was argued that it is not genuine [12]. The controversy
is reminiscent of the old debate about the periodicity of the redshifts of quasars [13]–
[16], or of similar claims for galaxies [17, 18]. Although many authors contend that the
result in [1] is probably an artifact of incomplete sampling, it is generally recognized
that further observations (expecially in directions different from the Galactic poles)
are needed to definitely resolve the issue, and new surveys are planned or in progress
[19, 8]. It is established that galaxies tend to cluster in sharp walls, leaving vast regions
devoid of galaxies [20]–[22]; however, a single distinguished scale as found in [1] has not
been confirmed. On the other hand, there is no doubt that, if confirmed, the claimed
redshift periodicity would be of the outmost importance, and therefore it has drawn the
attention of theoreticians [23]–[28]. In order to explain the periodicity found in [1]–[3],
models were proposed in which clustering of galaxies in foam–like structures occurs at
the predicted redshifts [29, 30]. A difficulty of these models is the implication that
galaxies be approximately distributed on shells, of which we happen to be at the center,
in conflict with the cosmological principle. A model in which the cosmological principle
is explicitly violated was proposed recently [27], but it is non–viable. In fact, it assumes
that the universe is represented by a closed Friedmann model dominated by a massless,
minimally coupled, non self–interacting scalar field ψ. The energy density ρ and pressure
P of this field are given by
ρ = P =
1
2
∇αψ∇
αψ . (1)
The stiff equation of state P = ρ certainly does not describe our present, matter–
dominated universe, in which the peculiar velocities of galaxies give a negligible con-
1
tribution to the pressure of the cosmological fluid (P = 0). A viable version of the
model in [27] would necessarily have to include a mass and/or a non–minimal coupling
for the scalar field. Such a model would be similar to the “oscillating universe” models
introduced in [23, 24], in which the redshift periodicity of galaxies is an optical illusion
rather than a real mass distribution. These other models are based on an oscillating
scalar field non–minimally coupled to the Ricci curvature of spacetime. We show that if
the redshift periodicity of the galaxy distribution is real, then the observations contain
important information on the problem whether general relativity is the correct theory of
gravity. This result arises from the observational determination of the coupling constant
between the scalar field and the curvature [23, 24], and from recent theoretical work on
the correct coupling in metric theories of gravity [31, 32].
In order to explain the observed distribution of galaxies, Morikawa [23] postulated a
universe in which the dark matter is dominated by a massive, non–minimally coupled,
scalar field. His model was shown be non–viable by Hill, Steinhardt and Turner [24].
They proposed three alternative models involving oscillating physics: a) an oscillating
“constant” of gravitation; b) oscillating atomic lines due to time variations in the fine
structure constant, or in the electron mass; c) oscillating galactic luminosities. Model
b) was ruled out by Sudarsky [25] on the basis of the Braginsky–Panov experiment.
Model a) was shown to be compatible with biological records on the Earth [26], and has
recently received renewed interest [28].
The common feature underlying the models under consideration is a spatially coher-
ent, oscillating scalar field non–minimally coupled to the Ricci curvature R of spacetime.
The Lagrangian density of the theory is given by1
L =
1
16piG0
R−
1
2
∇µφ∇
µφ−
ξ
2
Rφ2 − V (φ) + Lm , (2)
where G0 is the present value of the gravitational “constant”, ξ is the coupling constant of
the scalar field, V (φ) is its self–interaction potential, and Lm is the Lagrangian density
of matter other than the scalar field. The non–minimal (ξ 6= 0) coupling seems to
be a common feature of models unifying gravity with the other interactions and is an
essential ingredient of many works on inflation. Two choices of ξ are most often found
in the literature: ξ = 0 (“minimal coupling”) and ξ = 1/6 (“conformal coupling”). It
must be emphasized that the correct value of the coupling constant is unknown, which
1We use the metric signature – + + +. The Riemann tensor is given in terms of the Christoffel
symbols Γρ
µν
by Rµνρ
σ = Γσ
µρ,ν
− Γσ
νρ,µ
+ ... and the Ricci tensor is Rµρ = Rµνρ
ν . ∇µ is the covariant
derivative operator.
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can only be regarded as a major piece of missing information regarding the physics of
the scalar field. Recently, it was found [31] that if φ is a non–gravitational field in a
curved spacetime, the Einstein equivalence principle (see [33] for a precise formulation
and a discussion) forces the value of ξ to be 1/6. This unintuitive result follows from
the study of the Green’s function representation of the solutions of the Klein–Gordon
equation
✷φ− ξRφ−
dV
dφ
= 0 , (3)
and from the requirement that, in the neighbourhood of any point of spacetime, the
propagation of scalar waves resembles more and more closely the propagation in flat
spacetime as the size of the neighbourhood becomes smaller and smaller. This is the Ein-
stein equivalence principle [33] applied to the propagation of scalar waves. The quoted
result (later confirmed in [32]) holds for any metric and its derivation is completely
independent of conformal transformations, or of the conformal structure of spacetime,
or of the field equations of the theory of gravity [31]. If the nature of the field φ is
gravitational (e.g. the scalar field of Brans–Dicke theory), the statement that its physics
resembles locally the physics in flat spacetime goes beyond the Einstein equivalence prin-
ciple, which is a statement regarding only non–gravitational physics [33] (see [34] for a
discussion). In addition, the equation satisfied by a gravitational scalar field may be
different from eq. (3).
Metric theories of gravity [33] (including general relativity) satisfy the Einstein equiv-
alence principle. Therefore, if the correct theory of gravity describing the region of the
universe at redshifts z < 0.5 observed by the survey in [1]–[3] is general relativity, or a
metric theory in which the scalar field advocated by Hill, Steinhardt and Turner [24] is of
non–gravitational origin, then the Einstein equivalence principle holds, and the coupling
constant ξ = 1/6, as explained in [31].
Another prescription for ξ is found in a wide class of theories including Kaluza–Klein,
higher derivative, supergravity and superstring–inspired theories. These theories are
originally formulated in the “Jordan frame” (see [35] for definitions and the terminology)
and are subsequently reformulated in the “Einstein frame” by means of a conformal
transformation. The necessity and uniqueness of the conformal transformation were
established for Brans–Dicke and Kaluza–Klein theories [36, 37] and later proved for a
wider class of theories [35]. As a consequence of the conformal transformation to the
Einstein frame, the conformally transformed scalar field is always minimally coupled to
the Ricci curvature of spacetime2 ξ = 0.
2To prevent a misunderstanding let us mention at this point that Einstein’s theory with a minimally
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If the scalar field φ has a quantum nature, other prescriptions apply according to the
nature of φ. If φ is a Goldstone boson, ξ = 0 [39]; if φ is the composite boson of the
Nambu–Jona–Lasinio model, the value ξ = 1/6 was found in the large N approximation
[40]; if V (φ) = ηφ3/6, then ξ = 0 [41], while ξ ≤ 0 or ξ ≥ 1/6 for Higgs scalar fields
in the standard model [41]. The value of ξ in a quantum theory is also affected by
renormalization [42]. In this paper, we limit ourselves to a classical scalar field φ. In
fact, the universe at the epoch of galaxy formation was classical, and it is believed that
also the scalar field driving inflation (with which the field φ has been identified [23]) can
also be described classically, apart from the small quantum perturbations generating
seeds for the formation of structures.
It is significant that all the viable models proposed in order to describe the observed
distribution of galaxies are based on a classical, oscillating, scalar field non–minimally
coupled to gravity, and that the value of the constant ξ is a parameter of the models,
which can be determined by the observations. Typically, the period of the oscillations
in redshift of the galaxy distribution (128 h−1 Mpc) determines the mass of the scalar
field, while the amplitude of the oscillations determines the coupling constant ξ [23, 24].
It is also possible to employ a massless φ; a variation of the model with oscillating
gravitational “constant” predicts ξ ≈ 6.4 · 103 [24]. An unambiguous fitting of the
observational data with a value of ξ significantly different from 1/6 ≃ 0.166 implies
that general relativity is not the correct theory of gravity in the observed region of the
universe z < 0.5, because the Einstein equivalence principle is violated. This would
be a remarkable result, since Solar System experiments seem to indicate that general
relativity is the most plausible theory of gravity [33]. There remains two possibilities:
i) φ is a gravitational field in a metric theory of gravity other than general relativity: in
this case the Einstein equivalence principle and the prescription ξ = 1/6 do not apply
to φ;
ii) gravity is described by a non–metric theory of gravitation, in which the Einstein
equivalence principle (and consequently the prescription ξ = 1/6) does not necessarily
hold.
The latter possibility is regarded as highly unlikely, since there are good reasons to
believe that the correct theory of gravity is a metric theory [33]. If case i) is appropriate,
the observational determination of the value of ξ is not sufficient to single out the correct
theory of gravity, but can nevertheless provide a important hint. If one of the models
in [24] is correct, then ξ 6= 0 and the correct (low–energy) theory of gravity is not
coupled scalar field and Einstein’s theory with a conformally coupled scalar field are also conformally
equivalent to each other (cf. e.g. [38]).
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one formulated in the Einstein frame: this would exclude Brans–Dicke, Kaluza–Klein,
supergravity and superstring theories. In addition, a reliable determination of ξ, which
is otherwise unknown, is regarded as a remarkable progress in the physics of the scalar
field.
The spatial coherence of the scalar field φ has been related to inflation [24], and the
scalar field φ has been explicitly identified with the inflaton [23]. If φ is to be identified
with the field driving inflation, the value of the coupling constant has a profound effect
on the success of the inflationary scenario under consideration [34]. Since the proposed
inflationary scenarios are currently under test using observations of the cosmic microwave
background, a reliable measurement of the coupling constant ξ would give further hints
on the correctness of some of the proposed scenarios for inflation. However, it is to
be stressed that the region of the universe under study (redshifts z < 0.5) does not
correspond to the very early universe, which is observationally inaccessible, but it is well
within the range of present astronomy.
Ultimately, the problems whether one of the oscillating universe models is correct
and whether it is possible to measure the coupling constant ξ are meaningful only if
the redshift periodicity discovered in [1]–[3] is genuine. Since general relativity has been
succesfully tested in the Solar System [33], the belief that it is valid at least in the
region of the universe at redshifts z < 0.5 has a firm justification, and one could go
as far as considering this fact, in conjunction with the suggested values of ξ (ξ = 10
[23], ξ = 6.4 · 103 [24], ξ = 6.267 or other values [28]), as an argument against the
authenticity of the redshift periodicity reported in [1]–[3]. While we do not support
this extreme point of view, we believe that the possibility of measuring the coupling
constant ξ and its implications for the determination of the correct theory of gravity
provide new and compelling motivation for resolving the issue of the redshift periodicity
of galaxies. To understand the large–scale clustering of galaxies, new pencil beams have
been analyzed and new surveys are being carried on [19, 22].
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